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Clinical PerspectiveWhat Is New?The present study shows that plasma soluble lectinlike oxidized low‐density lipoprotein receptor‐1 is an independent predictor of future stroke and correlates with carotid plaque inflammation.What Are the Clinical Implications?Soluble lectinlike oxidized low‐density lipoprotein receptor‐1 could herein be a potential clinical marker to identify patients at higher risk to experience a future stroke.

Introduction {#jah33858-sec-0008}
============

The role of lectinlike oxidized low‐density lipoprotein (oxLDL) receptor‐1 (LOX‐1) in the development of atherosclerosis is receiving increasing attention.[1](#jah33858-bib-0001){ref-type="ref"}, [2](#jah33858-bib-0002){ref-type="ref"}, [3](#jah33858-bib-0003){ref-type="ref"} LOX‐1 is the main scavenger receptor for oxLDL on endothelial cells, but it is also expressed by macrophages, smooth muscle cells, and fibroblasts.[4](#jah33858-bib-0004){ref-type="ref"}, [5](#jah33858-bib-0005){ref-type="ref"} The expression of LOX‐1 is low in resting cells and upregulated in response to proatherogenic factors, such as oxLDL, hyperglycemia, proinflammatory cytokines, and shear stress.[4](#jah33858-bib-0004){ref-type="ref"}, [6](#jah33858-bib-0006){ref-type="ref"}, [7](#jah33858-bib-0007){ref-type="ref"} Binding of oxLDL to LOX‐1 activates intracellular signal pathways, leading to increased expression of adhesion molecules, release of proinflammatory cytokines and matrix metalloproteinases (MMPs),[8](#jah33858-bib-0008){ref-type="ref"}, [9](#jah33858-bib-0009){ref-type="ref"} and stimulation of neoangiogenesis,[10](#jah33858-bib-0010){ref-type="ref"} processes that play key roles in atherosclerotic plaque development and vulnerability.[11](#jah33858-bib-0011){ref-type="ref"}, [12](#jah33858-bib-0012){ref-type="ref"} LOX‐1 signaling has also been implicated in endothelial dysfunction by inhibition of NO synthase[13](#jah33858-bib-0013){ref-type="ref"}, [14](#jah33858-bib-0014){ref-type="ref"} and activation of apoptosis,[15](#jah33858-bib-0015){ref-type="ref"} suggesting a possible role in cardiovascular events caused by endothelial erosions.[16](#jah33858-bib-0016){ref-type="ref"}, [17](#jah33858-bib-0017){ref-type="ref"} LOX‐1 is abundantly expressed in atherosclerotic plaques,[18](#jah33858-bib-0018){ref-type="ref"} and genetic single‐nucleotide polymorphisms in the LOX‐1 gene locus have been associated with increased risk for coronary artery disease.[1](#jah33858-bib-0001){ref-type="ref"} Evidence directly linking LOX‐1 to the development of atherosclerosis has come from studies demonstrating that LOX‐1 gene deficiency reduces plaque development in LDL receptor knockout mice,[4](#jah33858-bib-0004){ref-type="ref"} whereas overexpression aggravates atherosclerosis in apolipoprotein E--deficient mice.[19](#jah33858-bib-0019){ref-type="ref"}

A soluble form of LOX‐1 (sLOX‐1) is present in the circulation.[20](#jah33858-bib-0020){ref-type="ref"} sLOX‐1 is released from cells after proteolytic cleavage of membrane‐bound LOX‐1,[21](#jah33858-bib-0021){ref-type="ref"}, [22](#jah33858-bib-0022){ref-type="ref"}, [23](#jah33858-bib-0023){ref-type="ref"} and it has been assumed that sLOX‐1 reflects the cellular expression of LOX‐1.[24](#jah33858-bib-0024){ref-type="ref"} Serum levels of sLOX‐1 have been reported to be increased in patients with acute stroke,[25](#jah33858-bib-0025){ref-type="ref"} but it has not been investigated if elevated levels of sLOX‐1 are associated with an increased risk for future stroke. Herein, we analyzed baseline plasma levels of sLOX‐1 in 4703 subjects from the Malmö Diet and Cancer (MDC) cohort and registered the incidence of ischemic stroke during a mean follow‐up of 16.5 years. We also determined the association between plasma levels of sLOX‐1 and carotid plaque inflammation in endarterectomy specimens from 202 patients taking part in the Carotid Plaque Imaging Project (CPIP).

Materials and Methods {#jah33858-sec-0009}
=====================

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Because the material is human tissue and blood samples from biobank cohorts, it is limited. In addition, the local regulations and the ethical permission prohibit sample transfer.

MDC Cohort {#jah33858-sec-0010}
----------

During 1991 to 1996, all citizens between 45 and 73 years of age in the city of Malmö, the third largest city of Sweden, were invited to participate in the MDC study. A total of 28 449 individuals (60% women) completed the screening examinations (participation rate, 41%). A random sample of 6103 subjects was selected to participate in a further study of the epidemiological characteristics of carotid artery disease; of these, 5508 subjects donated fasting blood samples. The local ethical committee approved the study (LU 51--90). All patients gave informed consent.

After excluding subjects with previous stroke at baseline (n=48), those with missing baseline data (n=26), and analysis of plasma LDL or cholesterol (n=731), a total of 4703 samples were analyzed for sLOX‐1 level.

Information on history of diabetes mellitus, the use of antidiabetic, blood pressure--lowering and lipid‐lowering medication, and current smoking (regular or occasional basis) was obtained through a questionnaire at inclusion. Height, weight, and waist circumference were measured. Venous fasting blood samples were taken, cholesterol and glucose levels were analyzed on fresh samples, and LDL levels were calculated according to the Friedewald formula; EDTA plasma was frozen at −80°C immediately after centrifugation.

All participants were followed up from baseline examination until first hospitalization for acute ischemic stroke, death, emigration, or December 31, 2010, corresponding to a follow‐up time of 16.5±3.6 years. Follow‐up included hospital admission under the diagnosis cerebral infarction (code 434), according to the *International Classification of Diseases, Ninth Revision* (*ICD‐9*). Death of participants was based on record linkage with the National Causes of Death Register. Sweden has a nationwide validated register in which \>99% of all somatic and psychiatric hospital discharges and causes of death are registered.[26](#jah33858-bib-0026){ref-type="ref"}

Thus, a total of 4703 subjects (2834 women and 1869 men) were available to study sLOX‐1 in relation to incidence of ischemic stroke. Information on carotid plaque was available for 4530 of them. Complete information on all risk factors (age, sex, current smoking, diabetes mellitus, waist measurement, systolic blood pressure, LDL, and C‐reactive protein \[CRP\]) was available for a total of 4594 subjects and for 4425 subjects with information about carotid plaque. Clinical characteristics of the MDC cohort are presented in Table [S1](#jah33858-sup-0001){ref-type="supplementary-material"}.

Ultrasound of the Carotid Plaques in the MDC Cohort {#jah33858-sec-0011}
---------------------------------------------------

Presence of carotid plaque in the right carotid artery was assessed through ultrasonography (Acuson XP4 System, Mountain View, CA) by trained certified ultrasonographers. Scanning included 3 cm of the distal common carotid artery, the bifurcation, and 1 cm of the internal and external carotid artery. Plaque was defined as a focal thickening of the intima‐media layer \>1.2 mm and a minimum area of 10 mm^2^.[27](#jah33858-bib-0027){ref-type="ref"}, [28](#jah33858-bib-0028){ref-type="ref"}

CPIP Cohort {#jah33858-sec-0012}
-----------

A total of 202 patients, aged 69.5±8.4 years, who underwent carotid endarterectomy between November 2005 and October 2012 at our tertiary university hospital were included. From these 202 patients, 2 underwent bilateral carotid endarterectomy. All patients gave informed consent. The study was approved by the local ethical committee (472/2005). Clinical characteristics of the CPIP cohort are presented in Table [S2](#jah33858-sup-0001){ref-type="supplementary-material"}.

Indications for surgery have been previously described[29](#jah33858-bib-0029){ref-type="ref"} and are, in brief, the presence of symptoms (stroke, amaurosis fugax, or transient ischemic attack) and a degree of stenosis \>70% or absence of symptoms and a degree of stenosis \>80%. Blood samples were collected the day before surgery to measure sLOX‐1. Circulating lipoproteins and CRP levels were analyzed on fresh samples in the local clinical laboratory.

All carotid plaques harvested by endarterectomy were flushed with saline to remove blood and debris before they were snap frozen in liquid nitrogen. Fragments (1‐mm thick) from the most stenotic region of the plaque were removed for histological analysis. In 66 plaques, an extra fragment of similar size was collected for gene expression analyses. The rest of the plaque was homogenized, as described previously.[30](#jah33858-bib-0030){ref-type="ref"}

Analyses of the Plaque Tissue: Cytokines and Chemokines {#jah33858-sec-0013}
-------------------------------------------------------

Interleukin‐6, macrophage inflammatory protein‐1β, soluble CD40 ligand, tumor necrosis factor‐α (TNF‐α), and fractalkine were assessed in plaque homogenate supernatants, according to the manufacturer\'s instruction (human cytokine/chemokine immunoassay; Millipore Corporation, MA), and analyzed with Luminex 100 IS 2.3 (Austin, TX).

Analyses of oxLDL and MMPs in Plaque Tissue {#jah33858-sec-0014}
-------------------------------------------

ELISA was used to measure oxLDL (ox‐LDL; Mercordia, Uppsala, Sweden) in plaque homogenate supernatants, according to the manufacturer\'s instructions. MMPs 2 and 9 were analyzed in plaque homogenate supernatants using the Mesoscale human MMP ultrasensitive kit (Mesoscale, Gaithersburg, MD), according to the manufacturer\'s instructions.

Analyses of the Plaque Tissue: Histological and Immunohistochemistry Features {#jah33858-sec-0015}
-----------------------------------------------------------------------------

Cryosections (8 μm) of the most stenotic region of the plaque were fixed with Histochoice (Amresco, OH), dipped in 60% isopropanol and then in 0.4% Oil Red O in 60% isopropanol (for 20 minutes) to stain for neutral lipids. To assess the percentage of macrophages, a primary monoclonal mouse anti‐human CD68 (DakoCytomation, Glostrup, Denmark; 1.85 μg/mL) and a secondary antibody polyclonal rabbit anti‐mouse (DakoCytomation) were used. The percentage of vascular smooth muscle cell α‐actin was assessed by using a primary antibody monoclonal mouse anti‐human smooth muscle α‐actin clone 1A4 (DakoCytomation; 0.71 μg/mL) and the secondary antibody biotin rabbit anti‐mouse Ig (DakoCytomation). To assess the percentage of intraplaque hemorrhage, a primary antibody monoclonal mouse anti‐human CD235a, against glycophorin A (M0819, clone JC159; DakoCytomation; 271 mg/L), and the secondary antibody biotinylated rabbit anti‐mouse F(ab')2 (E0413; DakoCytomation; 0.79 g/L) were used. To assess the percentage of collagen I--positive area, a primary monoclonal mouse anti‐ human collagen I (Abcam, Ab6308) antibody and a secondary rabbit anti‐mouse (Abcam, Ab98668) were used. Collagen III--positive areas were assessed using a primary monoclonal mouse anti‐human collagen III (Abcam, Ab6310) and a secondary rabbit anti‐mouse (Abcam, Ab98668). For the LOX‐1 staining, the primary antibody mouse anti‐human LOX‐1 (Abcam 126538, Cambridge, England; 1 μg/mL) and relevant isotype control were used.

After incubation with an appropriate secondary antibody or MACH 3 Mouse HRP Polymer Detection kit (Biocare Medical), diaminobenzidine was used for detection and nuclei were counterstained with Mayer′s hematoxylin.

Measurements of the percentage stained area of the plaque for the different stains were quantified blindly using BioPix iQ 2.1.8 (Gothenburg, Sweden) after scanning with ScanScope Console Version 8.2 (LRI Imaging AB, Vista, CA).

Analyses of the Plaque Tissue: oxLDL Receptor 1 Gene Expression Analysis {#jah33858-sec-0016}
------------------------------------------------------------------------

The gene expression of the LOX‐1 regulating oxLDL receptor 1 gene was assessed in plaque tissue of 66 carotid plaques from global transcriptome RNA sequencing data. Libraries were sequenced on an Illumina HiSeq2000 platform, as previously described.[31](#jah33858-bib-0031){ref-type="ref"}

Measurement of sLOX‐1 in Blood Samples From Both Cohorts and Plaque Samples From CPIP {#jah33858-sec-0017}
-------------------------------------------------------------------------------------

sLOX‐1 was measured in EDTA plasma samples from both cohorts, MDC and CPIP, as well as in plaque homogenates from CPIP, at the Clinical Biomarkers Facility, Science for Life Laboratory, Uppsala University, using the Olink Proseek Multiplex kit. The samples from both cohorts had been stored frozen in −80°C. sLOX‐1 was expressed as arbitrary units on a log2 scale. The within‐ and between‐run coefficients of variation were 9% and 11%, respectively. Lower and upper limits of quantification correspond to 1.0 and 15 625 pg/mL, respectively (<http://www.olink.com>).

In Vitro Secretion of sLOX‐1 by Stimulation of Human Peripheral Blood Mononuclear Cells, Coronary Artery Smooth Muscle Cells, and Umbilical Vein Endothelial Cells {#jah33858-sec-0018}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated from a healthy blood donor using Ficoll‐Paque Plus (GE Healthcare) and seeded at a density of 0.5×10^6^ cells into a non--tissue‐treated round‐bottomed 96‐well plate (Corning) in complete RPMI with 2% human serum (Sigma Aldrich). Human coronary artery smooth muscle cells (Thermo Fisher Scientific) and human umbilical vein endothelial cells (HUVECs; Lonza) were passaged and cultured in Medium 231 and Medium 200 (Thermo Fisher Scientific), respectively, including serum growth supplement to reach a confluency of ≈90%, continued by seeding into a tissue‐cultured, flat‐bottomed, 48‐well plate (Corning) at a density of 0.2×10^5^. Before stimulation, human coronary artery smooth muscle cells and HUVECs were serum starved in respective medium for 24 hours. PBMCs were stimulated with TNF‐α (10--100 ng/mL), interleukin‐1β (10 ng/mL), and transforming growth factor‐β (1--10 ng/mL). PBMCs, human coronary artery smooth muscle cells, and HUVECs were also stimulated with copper‐oxLDL (25 μg/mL), prepared as previously described by Niemann‐Jönsson et al,[32](#jah33858-bib-0032){ref-type="ref"} for 24 hours in 37°C with 5% CO~2~. Other lipoprotein fractions were isolated, as previously described.[33](#jah33858-bib-0033){ref-type="ref"}, [34](#jah33858-bib-0034){ref-type="ref"} HUVECs were stimulated with native LDL (100 μg/mL), high‐density lipoprotein (50 μg/mL), and very LDL (100 μg/mL), for 24 hours in 37°C with 5% CO~2~.

To assess sLOX‐1 in all cultures, medium was stored in −20°C and further analyzed using sLOX‐1 human ELISA (Abcam), according to the company\'s instructions.

To assess cell viability, HUVECs were detached from the plate for 2 minutes in 0.25% trypsin (Sigma) diluted in PBS in room temperature. HUVECs and PBMCs were stained with Zombie aqua viability dye (Biolegend) and run immediately on a gallios flow cytometer (Beckman Coulter). Results were analyzed with FlowJo (Tree Star).

Statistical Analysis {#jah33858-sec-0019}
--------------------

Continuous variables were compared using the Student *t* test or the Mann‐Whitney *U* test, depending on the variable distribution. Dichotomous variables were compared using the χ^2^ test. Results were presented as mean±SD, median (interquartile range), or percentages, as appropriate. In vitro results are presented as mean±SEM or median and interquartile range. All statistical analyses were performed using IBM SPSS Statistics, version 24, or GraphPad Prism 7.

For MDC, the participants were divided into tertiles of sLOX‐1, where tertile 1 represented the group with the lowest level of sLOX‐1. Incidence of stroke was analyzed by sLOX‐1 tertile. A Kaplan‐Meier survival curve with the log‐rank test was used to illustrate incidence of ischemic stroke per tertile of sLOX‐1 (Figure [1](#jah33858-fig-0001){ref-type="fig"}). Cox proportional hazards regression was used to calculate hazard ratios in tertiles 2 and 3 of sLOX‐1 compared with tertile 1 (reference) with corresponding CIs.

![Kaplan‐Meier survival curve per tertile of soluble lectinlike oxidized low‐density lipoprotein receptor‐1 (sLOX‐1) in the Malmö Diet and Cancer cohort. The numbers below the figure denote the number of patients at risk per tertile of sLOX‐1 and the number of events between parentheses. Log‐rank test for trend across tertiles: *P*\<0.001.](JAH3-8-e009874-g001){#jah33858-fig-0001}

To further investigate the relation between incidence of stroke and presence of plaque, the participants were divided into 4 groups, depending on presence/absence of carotid plaque and high (tertile 3) versus moderate/low (tertile 1+tertile 2) levels of sLOX‐1. Cox proportional regression was used with 2 different models adjusted for (1) age and sex; and (2) age, sex, current smoking, diabetes mellitus, waist measurement, systolic blood pressure, LDL, cholesterol, triglycerides, and CRP. The covariates were chosen on the basis of well‐described clinical risk factors and potential confounding factors identified using a backward stepwise regression model with sLOX‐1 as the dependent variable (Table [S3)](#jah33858-sup-0001){ref-type="supplementary-material"}.

For CPIP, all components measured in plaque homogenate were normalized to plaque wet weight, whereas the results of the histological and immunohistochemical analysis are presented as percentage of plaque area. Spearman′s rank correlation or Mann‐Whitney test was used because analyzed blood and plaque components were not normally distributed.

For the in vitro experiments, 1‐way ANOVA or Kruskal‐Wallis with additional Dunn\'s test were performed to assess sLOX‐1 release from the cells.

Results {#jah33858-sec-0020}
=======

oxLDL and TNF‐α Stimulate Release of sLOX‐1 {#jah33858-sec-0021}
-------------------------------------------

To investigate if oxLDL can induce shedding of sLOX‐1, we exposed cultured HUVECs, human coronary artery smooth muscle cells, and PBMCs with 25 μg/mL of oxLDL for 24 hours. This resulted in an enhanced release of sLOX‐1 from endothelial cells (Figure [2](#jah33858-fig-0002){ref-type="fig"}A), but not from smooth muscle cells or PBMCs (data not shown). No effect on sLOX‐1 release from endothelial cells was detected when stimulating HUVECs with native LDL, high‐density lipoprotein, or very LDL. Stimulation with interleukin‐1β and transforming growth factor‐β showed no significant release of sLOX‐1. However, PBMCs could be stimulated to release sLOX‐1 by exposure to TNF‐α (Figure [2](#jah33858-fig-0002){ref-type="fig"}B). The release of sLOX‐1 from HUVECs was not associated with a significant reduction in cell viability. These observations show that circulating sLOX‐1 may originate from cells exposed to oxLDL and other proinflammatory stimuli.

![In vitro cultured human umbilical vein endothelial cells (HUVECs) stimulated with 25 μg/mL of oxidized low‐density lipoprotein (oxLDL) induce a release of soluble lectinlike oxLDL receptor‐1 (sLOX‐1) into the medium (lines representing mean and SEM; results are pooled from 3 individual experiments) (**A**) and peripheral blood mononuclear cells (PBMCs) stimulated with tumor necrosis factor‐α induce the release of sLOX‐1 in a dose‐dependent pattern (lines representing mean and SEM) (**B**). Each data point represents a single well replicate. Level of significance is marked: \**P*=0.01, \*\**P*\<0.01, \*\*\*\**P*\<0.001.](JAH3-8-e009874-g002){#jah33858-fig-0002}

sLOX‐1 and Ischemic Stroke {#jah33858-sec-0022}
--------------------------

We next analyzed if there was any association between the baseline level of sLOX‐1 in plasma and the risk for development of ischemic stroke in 4703 subjects participating in the MDC study. The clinical characteristics of the study cohort in relation to tertiles of sLOX‐1 are presented in Table [1](#jah33858-tbl-0001){ref-type="table"}. The sLOX‐1 levels increased with age and demonstrated significant associations with several cardiovascular risk factors, as well as with the presence of carotid plaques. Spearman correlations with sLOX‐1 and CRP, lipids, and hemoglobin A1c are presented in Table [S4](#jah33858-sup-0001){ref-type="supplementary-material"}. The magnitude of these correlations was moderate or low (*r*≤0.236).

###### 

Clinical Characteristics of the MDC Cohort According to Tertile of sLOX‐1

  Characteristics                             sLOX‐1 Tertile      *P* Value                                
  ------------------------------------------- ------------------- -------------------- ------------------- ---------
  sLOX‐1, mean±SD, au                         3.48±0.279          4.04±0.134           4.79±0.480          \<0.001
  Age, mean±SD, y                             56.6±5.97           57.9±5.95            58±5.88             \<0.001
  Male sex, n (%)                             608 (38.8)          609 (38.8)           652 (41.6)          0.189
  Current smoking, n (%)                      186 (11.9)          324 (20.7)           499 (31.9)          \<0.001
  Diabetes mellitus, n (%)                    90 (5.7)            107 (6.8)            159 (10.1)          \<0.001
  Use of antihypertensive medication, n (%)   223 (14.2)          240 (15.3)           288 (18.4)          0.005
  Lipid‐lowering treatment, n (%)             33 (2.1)            33 (2.1)             47 (3.0)            0.170
  Waist, median (IQR), cm                     81 (73--92)         82 (73--92)          83 (74--94)         \<0.001
  C‐reactive protein, median (IQR), mg/L      1.00 (0.6--2.0)     1.30 (0.60--2.60)    1.80 (0.90--3.70)   \<0.001
  HbA1c, median (IQR), %                      4.70 (4.40--5.00)   4.80 (4.50--5.10)    4.90 (4.60--5.20)   \<0.001
  Fasting lipoproteins, mmol/L                                                                             
  Cholesterol, mean±SD                        6.03±1.05           6.16±1.07            6.26±1.07           \<0.001
  Low‐density lipoprotein, mean±SD            4.04±0.948          4.17±0.973           4.29±0.992          \<0.001
  High‐density lipoprotein, median (IQR)      1.40 (1.17--1.66)   1.35 (1.12--1.61)    1.29 (1.08--1.54)   \<0.001
  Triglycerides, median (IQR)                 1.05 (0.79--1.46)   1.16 (0.870--1.60)   1.23 (0.93--1.69)   \<0.001
  Atherosclerosis                                                                                          
  Presence of carotid plaque, %               28.7                34.3                 38.8                \<0.001
  Stroke during follow‐up, n (%)              61 (3.9)            83 (5.3)             113 (7.2)           \<0.001

au indicates arbitrary units; HbA1c, hemoglobin A1c; IQR, interquartile range; MDC, Malmö Diet and Cancer; sLOX‐1, soluble lectinlike oxidized low‐density lipoprotein receptor‐1.

There was a significant association between the baseline plasma level of sLOX‐1 and incidence of ischemic stroke during a mean follow‐up of 16.5 years (Figure [1](#jah33858-fig-0001){ref-type="fig"}). Those in the highest tertile had a hazard ratio of 1.75 (95% CI, 1.28--2.39) compared with those in the lowest tertile after adjusting for age and sex. This association remained significant when further adjusting for current smoking, diabetes mellitus, waist circumference, systolic blood pressure, LDL, cholesterol, triglycerides, and CRP (Table [2](#jah33858-tbl-0002){ref-type="table"}). Because presence of carotid disease increases the risk for stroke, we next categorized subjects based on both sLOX‐1 tertile and presence of carotid plaque. Subjects with a carotid plaque belonging to the highest tertile of sLOX‐1 had a 2.4‐fold higher risk than those without a plaque and belonging to the 2 lowest tertiles of sLOX‐1 (*P*\<0.001); and this difference remained significant when adjusting for age, sex, current smoking, diabetes mellitus, waist circumference, systolic blood pressure, LDL, cholesterol, triglycerides, and CRP (Table [3](#jah33858-tbl-0003){ref-type="table"}).

###### 

Hazard Ratio for Future Ischemic Stroke per Tertile of sLOX‐1

  Model   sLOX‐1 Tertile\*   *P* Value           Per 1 SD\*                    
  ------- ------------------ ------------------- ------------------- --------- -------------------
  1       1                  1.27 (0.91--1.77)   1.75 (1.28--2.39)   \<0.001   1.30 (1.16--1.46)
  2       1                  1.11 (0.79--1.56)   1.41 (1.01--1.96)   0.032     1.20 (1.06--1.14)

Model 1 adjusted for age and sex. Model 2 adjusted for age, sex, current smoking, diabetes mellitus, waist, systolic blood pressure, low‐density lipoprotein, cholesterol, triglycerides, and C‐reactive protein. The *P* values are from the tests of trend across tertiles. sLOX‐1 indicates soluble lectinlike oxidized low‐density lipoprotein receptor‐1.\*Data are given as hazard ratio (95% CI).

###### 

Hazard Ratio of Ischemic Stroke According to Presence or Absence of Carotid Plaque and High sLOX‐1 (Tertile 3) or Low sLOX‐1 (Tertile 1 or 2)

  Variable                              No Carotid Plaque   Carotid Plaque      *P* Value                               
  ------------------------------------- ------------------- ------------------- ------------------- ------------------- ---------
  Ischemic stroke during follow‐up, %   3.4                 5.0                 7.1                 10.2                \<0.001
  Model 1\*                             1                   1.45 (1.00--2.10)   1.64 (1.17--2.29)   2.42 (1.71--3.44)   \<0.001
  Model 2\*                             1                   1.34 (0.92--1.96)   1.58 (1.12--2.24)   2.10 (1.45--3.04)   0.001

Model 1 adjusted for age and sex. Model 2 adjusted for age, sex, current smoking, diabetes mellitus, waist, systolic blood pressure, low‐density lipoprotein, cholesterol, triglycerides, and C‐reactive protein. sLOX‐1 indicates soluble lectinlike oxidized low‐density lipoprotein receptor‐1. \*Data are given as hazard ratio (95% CI).

sLOX‐1 and Plaque Inflammation {#jah33858-sec-0023}
------------------------------

Experimental studies have shown that LOX‐1 promotes plaque development and vulnerability through activation of vascular inflammation. To investigate the possible clinical relevance of this, we used plasma and plaques from 202 patients participating in the CPIP. Blood samples were obtained the day before endarterectomy. We used a 1‐mm section from the most stenotic part of the removed plaque for histological and immunohistochemistry analyses, whereas homogenates of the remaining tissue were used for other analyses, including sLOX‐1. There were highly significant associations between the plaque expression of proinflammatory cytokines/chemokines and sLOX‐1 (sLOX‐1 in plaque homogenates being the sum of sLOX‐1 and cell‐associated LOX‐1, Table [4](#jah33858-tbl-0004){ref-type="table"}). Similar associations with plaque sLOX‐1 levels were observed for MMP‐2 and MMP‐9, as well as for the percentage of lipid‐stained area in histological sections of plaques (Table [4](#jah33858-tbl-0004){ref-type="table"}). The gene expression results were not significant for the LOX‐1--regulating oxLDL receptor 1 gene. Interestingly, in plaque sections, LOX‐1 staining primarily colocalized with staining for lipids and macrophages (Figure [3](#jah33858-fig-0003){ref-type="fig"}). There were also associations between the plaque content of the LOX‐1 ligand oxLDL and the sLOX‐1 in plaques (Table [4](#jah33858-tbl-0004){ref-type="table"}), as well as between levels of sLOX‐1 in plaques and sLOX‐1 in plasma (Figure [4](#jah33858-fig-0004){ref-type="fig"}). Plasma sLOX‐1 correlated significantly with the plaque contents of oxLDL, TNF‐α, fractalkine, MMP‐9, and the percentage lipid‐stained area in histological sections of plaques (Table [4](#jah33858-tbl-0004){ref-type="table"}).

###### 

Spearman\'s Correlation Between the Plaque Levels of sLOX‐1, the Plasma sLOX‐1 Levels, and the Plaque Composition for Cytokines, Chemokines, Cell Markers, Lipids, Intraplaque Hemorrhage, MMPs, and Matrix Proteins in All Plaques (n=202)

  Variable                        Plaque sLOX‐1   Plasma sLOX‐1           
  ------------------------------- --------------- --------------- ------- ----------
  Cytokines/chemokines, pg/g                                              
  TNF‐α                           0.409           5×10^−9^        0.214   3×10^−3^
  Interleukin‐6                   0.298           3×10^−5^        0.099   0.17
  sCD40L                          0.286           7×10^−5^        0.096   0.19
  MIP‐1β                          0.230           1×10^−3^        0.083   0.25
  Fractalkine                     0.323           6×10^−6^        0.204   4×10^−3^
  Cell markers, % area                                                    
  α‐Actin (smooth muscle cells)   −0.096          0.17            0.013   0.83
  CD68 (macrophages)              0.115           0.10            0.037   0.54
  Glycophorin A (hemorrhage)      0.176           1.3×10^−2^      0.009   0.89
  Plaque lipids                                                           
  Oil Red O, % area               0.226           1×10^−3^        0.124   3×10^−2^
  OxLDL, μU/g                     0.369           2×10^−7^        0.216   3×10^−3^
  Plaque levels of MMP, pg/g                                              
  MMP‐2                           0.322           5×10^−6^        0.103   0.14
  MMP‐9                           0.359           3×10^−7^        0.151   3×10^−2^

MIP indicates macrophage inflammatory protein; MMP, matrix metalloproteinase; oxLDL, oxidized low‐density lipoprotein; sCD40L, soluble CD40 ligand; sLOX‐1, soluble lectinlike oxLDL receptor‐1; TNF, tumor necrosis factor; % area, percentage stained area of plaque.

![Immunohistochemistry showing the colocalization of lectinlike oxidized low‐density lipoprotein receptor‐1 (LOX‐1), CD68, and neutral lipids (Oil Red O) in plaque tissue from the Carotid Plaque Imaging Project. **A**,LOX‐1. **B**, Isotype control. **C**, Oil Red O (neutral lipids). **D**,CD68 (macrophages). **E**, α‐Actin (smooth muscle cells). Bar=50 μm.](JAH3-8-e009874-g003){#jah33858-fig-0003}

![Scatter plot showing the positive correlation between plasma soluble lectinlike oxidized low‐density lipoprotein receptor‐1 (sLOX‐1; arbitrary units/mL) and plaque sLOX‐1 (arbitrary units/g wet weight plaque) content in the Carotid Plaque Imaging Project cohort (Spearman\'s correlation: *r*=0.209, *P*=0.004).](JAH3-8-e009874-g004){#jah33858-fig-0004}

Discussion {#jah33858-sec-0024}
==========

This study provides clinical support for a role of LOX‐1 in cardiovascular disease by demonstrating that (1) exposure of endothelial cells to the LOX‐1 ligand oxLDL increases the release of sLOX‐1, (2) subjects with high circulating levels of sLOX‐1 have more severe carotid disease and an increased risk of ischemic stroke, and (3) carotid plaques with high levels of sLOX‐1 are characterized by increased inflammation. The cause of ischemic stroke is heterogeneous, but arterial atherothrombosis remains one of the most important causes.[35](#jah33858-bib-0035){ref-type="ref"} Plaque rupture and endothelial erosion are the main triggers of acute atherothrombotic events.[36](#jah33858-bib-0036){ref-type="ref"}, [37](#jah33858-bib-0037){ref-type="ref"}

As LDL enters the vascular wall and becomes trapped in the extracellular matrix, it is oxidatively modified, becoming oxLDL. The oxLDL is taken up by inflammatory cells in an attempt to minimize the lesions and clear the excessive lipid accumulation. This process is suggested to be important for the initiation and progression of the disease, in some cases leading to the formation of vulnerable plaque, which eventually may rupture.

The processes preceding plaque rupture include extracellular accumulation of lipoprotein‐derived lipids, death of reparative cells in the plaque, and degradation of fibrous tissue by MMPs, leading to formation of vulnerable plaques characterized by inflammation and a thin fibrous cap covering a necrotic core.[38](#jah33858-bib-0038){ref-type="ref"} Rupture of vulnerable plaques is considered to cause approximately two thirds of all acute cardiovascular events.[37](#jah33858-bib-0037){ref-type="ref"} The present observation that the carotid plaque content of sLOX‐1 correlates to proinflammatory cytokines and MMPs in the plaque provides support for a role of LOX‐1 in the formation of vulnerable atherosclerotic plaques. Enhanced degradation of the plaque fibrous tissue through the action of MMPs is a critical process in development of plaque vulnerability and rupture.[39](#jah33858-bib-0039){ref-type="ref"} Genetic deletion of LOX‐1 leads to reduced activation of MMP‐2 and MMP‐9 in hyperlipidemic animal models.[40](#jah33858-bib-0040){ref-type="ref"} Exposure of cultured human endothelial cells to oxLDL results in increased MMP‐9 expression, which is inhibited by adding LOX‐1 blocking antibody.[41](#jah33858-bib-0041){ref-type="ref"} Cardiovascular events not caused by plaque rupture are considered to be explained by endothelial erosions.[37](#jah33858-bib-0037){ref-type="ref"} These are characterized by formation of a thrombus on top of a plaque with a thick fibrous cap without signs of rupture. The mechanisms responsible for development of endothelial erosions remain to be fully understood but are believed to involve endothelial dysfunction and death.[16](#jah33858-bib-0016){ref-type="ref"} This makes LOX‐1 a potential culprit in the development of endothelial erosions in view of the experimental findings that activation of LOX‐1 induces endothelial dysfunction and apoptotic signaling.[42](#jah33858-bib-0042){ref-type="ref"} Accumulating evidence from observational clinical studies suggests that endothelial erosions are becoming an increasingly common cause of acute cardiovascular events, possibly as a result of a wider use of therapies targeting development of traditional plaque vulnerability.[43](#jah33858-bib-0043){ref-type="ref"}

Our observations that subjects with high levels of sLOX‐1 have more severe subclinical carotid disease also provide additional support for a role of LOX‐1 in the development of atherosclerosis. Although this association does not per se prove a causal relationship, it is well in line with strong experimental evidence of a functional role of LOX‐1 in atherosclerosis. Activation of endothelial LOX‐1 results in expression of several factors known to be of key importance in atherosclerosis, including monocyte chemotactic protein‐1, intracellular adhesion molecule‐1, and vascular cell adhesion molecule‐1, effects that can be blocked by treatment with LOX‐1 antisense.[44](#jah33858-bib-0044){ref-type="ref"}, [45](#jah33858-bib-0045){ref-type="ref"} Genetic deletion of LOX‐1 in LDL receptor--deficient mice reduced plaque development and inflammation without affecting the expression of NO synthase and anti‐inflammatory cytokine interleukin‐10.[13](#jah33858-bib-0013){ref-type="ref"}

Despite accumulating evidence of a functional importance of LOX‐1 in atherosclerosis and plaque vulnerability, the possible role of sLOX‐1 as a biomarker of cardiovascular risk remains sparsely studied. Case‐control studies have identified elevated levels of sLOX‐1 in patients with stable and acute coronary disease, and these correlate with the severity of coronary disease.[46](#jah33858-bib-0046){ref-type="ref"}, [47](#jah33858-bib-0047){ref-type="ref"}, [48](#jah33858-bib-0048){ref-type="ref"}, [49](#jah33858-bib-0049){ref-type="ref"} Increased levels of sLOX‐1 have also been identified in patients experiencing acute stroke.[25](#jah33858-bib-0025){ref-type="ref"} In a prospective Japanese population study involving 2295 subjects with 60 ischemic strokes during an 11‐year follow‐up, Inoue and coworkers observed an association between a LOX‐1/LOX‐1 apolipoprotein B index and incident stroke but none with sLOX‐1 alone.[50](#jah33858-bib-0050){ref-type="ref"} Hence, this is the first large, prospective population study to show that high levels of sLOX‐1 are associated with an increased risk for future ischemic stroke. The reasons for the different findings in these 2 studies are unclear but may involve differences in risk factor profiles between Japanese and Swedish populations. Notably, the risk associated with elevated sLOX‐1 levels in our study was further increased by the presence of subclinical carotid disease. The reason for this remains to be fully clarified, but it could be speculated that LOX‐1 becomes clinically more important in patients with established atherosclerosis. An important question is obviously if sLOX‐1 level reflects membrane‐bound LOX‐1 signaling or if it has an inflammatory role itself. Our finding that endothelial cells exposed to oxLDL release sLOX‐1 adds support to the former possibility but does not contradict the latter. However, it has also been shown by us and others that cytokines may induce the release of sLOX‐1 from cells.[8](#jah33858-bib-0008){ref-type="ref"} Our observations of significant associations between sLOX‐1 and high‐sensitivity CRP are in line with the possibility that elevated levels of sLOX‐1 reflect an inflammatory state. On the other hand, it cannot be excluded that they also may reflect a role of sLOX‐1 in inducing inflammation. Notably, we found strong associations between sLOX‐1 and several cardiovascular risk factors, including age, smoking, diabetes mellitus, LDL, and low high‐density lipoprotein. The biological mechanisms responsible for these associations also require further studies but may involve both increased formation of oxLDL and inflammation.

There are some limitations of the present study that need to be considered. Importantly, no causal relations can be extrapolated from observational studies such as the present. We found strong associations between sLOX‐1 levels and several cardiovascular risk factors. It is possible that these risk factors activate the release of sLOX‐1 but that this process is unrelated to the development of a cardiovascular event. However, the fact that the association between sLOX‐1 and incident stroke remains significant when adjusting for these risk factors argues against this. Support for a functional role of LOX‐1 in cardiovascular disease has come from mouse studies demonstrating that genetic deletion of LOX‐1 reduces the development of atherosclerosis. The possible functional role of LOX‐1 in human cardiovascular disease should be tested in mendelian randomization studies. Ultimately, randomized clinical trials targeting LOX‐1 signaling need to be performed. In addition, the observation that sLOX‐1 levels predict future strokes is only applicable on a presumably healthy population. Further studies determining if sLOX‐1 can predict stroke also in subjects with established disease should be performed. It is likely that sLOX‐1 levels vary over time, during the long‐term follow up, and we cannot ensure that the individuals\' sLOX‐1 levels remained in the same tertile during the follow‐up. The assay used to quantify sLOX‐1 assesses all sLOX‐1 cleaved at the 187 residue in the neck region. Therefore, we cannot be certain if it was primarily soluble (sLOX‐1) or primarily cell‐bound LOX‐1 or even if tissue homogenization might have mechanically fragmented the cell‐bound protein. However, this study has several interesting strengths: 2 large cohorts are evaluated, 1 of the cohorts has a long longitudinal follow‐up and sLOX‐1 is studied in both the circulation and human plaques.

In conclusion, the present study demonstrates that sLOX‐1 is released from cells in response to oxLDL and proinflammatory cytokines and that the plasma level of sLOX‐1 correlates with plaque inflammation and predicts risk for future stroke independently of major cardiovascular risk factors. In addition, the intraplaque content of sLOX‐1 correlates strongly with the severity of plaque inflammation.

Besides antibodies and silencing approaches, there are several known modulators of LOX‐1,[2](#jah33858-bib-0002){ref-type="ref"} from naturally occurring plant compounds to medicines such as statins, calcium channel blockers, angiotensin‐converting enzyme inhibitors, angiotensin II receptor type 1 blockers, and possibly even PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibitors, as the deletion of LOX‐1 reduces PCSK9 in smooth muscle cells.[51](#jah33858-bib-0051){ref-type="ref"} In a broader perspective, the present observations expand the understanding of LOX‐1 as a possible future target for intervention.
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